Context. Classical Be stars have been established as pulsating stars. Space-based photometric monitoring missions contributed significantly to that result. However, whether Be stars are just rapidly rotating SPB or β Cep stars, or whether they have to be understood differently, remains debated in the view of their highly complex power spectra. Aims. Kepler data of three known Be stars are re-visited to establish their pulsational nature and assess the properties of additional, non-pulsational variations. The three program stars turned out to be one inactive Be star, one active, continuously outbursting Be star, and one Be star transiting from a non-outbursting into an outbursting phase, thus forming an excellent sample to distill properties of Be stars in the various phases of their life-cycle. Methods. The Kepler data was first cleaned from any long-term variability with Lomb-Scargle based pre-whitening. Then a LombScargle analysis of the remaining short-term variations was compared to a wavelet analysis of the cleaned data. This offers a new view on the variability, as it enables us to see the temporal evolution of the variability and phase relations between supposed beating phenomena, which are typically not visualized in a Lomb-Scargle analysis. Results. The short-term photometric variability of Be stars must be disentangled into a stellar and a circumstellar part. The stellar part is on the whole not different from what is seen in non-Be stars. However, some of the observed phenomena might be to be due to resonant mode coupling, a mechanism not typically considered for B-type stars. Short-term circumstellar variability comes in the form of either a group of relatively well-defined, short-lived frequencies during outbursts, which are called Štefl frequencies, and broad bumps in the power spectra, indicating aperiodic variability on a time scale similar to typical low-order g-mode pulsation frequencies, rather than true periodicity. Conclusions. From a stellar pulsation perspective, Be stars are rapidly rotating SPB stars, that is they pulsate in low order g-modes, even if the rapid rotation can project the observed frequencies into the traditional high-order p-mode regime above about 4 c/d. However, when a circumstellar disk is present, Be star power spectra are complicated by both cyclic, or periodic, and aperiodic circumstellar phenomena, possibly even dominating the power spectrum.
Introduction
Classical Be stars are rapidly rotating B stars, surrounded by a self-ejected gaseous disk, the evolution of which is governed by viscosity. As a class, they are known to pulsate in non-radial modes, but not to harbor large scale magnetic fields (see Rivinius et al. 2013 , for a review). In general, Be stars and their disks could be considered as fairly well understood, was it not for the one central question that is still open: How are these disks formed? The physical mechanism ejecting matter from the stellar surface with sufficient energy and angular momentum to form a Keplerian disk, sometimes called the Be phenomenon, remains elusive.
There is evidence that this Be phenomenon, at least in some stars, is related to non-radial pulsation. This has first been shown by means of spectroscopy in µ Cen (see, e.g., Rivinius et al. 1998) , but the observational cost of this finding was high; spectra were taken daily for several months each year over a number of years. Similar data sets obtained for other Be stars suggested similar relations, but not as firm as one would have wished.
With the launch of spacecraft dedicated to obtain photometric time series of stars and stellar fields in the visual domain, it has become possible to take data sets combining high precision with high cadence and very long time base, the same combination that has enabled the spectroscopic break-through. Although these missions are usually designed to search for extrasolar planets or take data for the purpose of asteroseismology, they serve equally well for the analysis of the light variations of Be stars. Since Be stars are instrinsically bright and numerous, almost any field of stars as large as the Kepler one and not too far away from the Galactic plane will host at least some of them.
This series of papers has been inspired by the analysis of Be star photometric data taken with the BRITE Constellation satellites (Weiss et al. 2014) , and Baade et al. (2016, called Paper Article number, page 1 of 14 arXiv:1608.02872v1 [astro-ph.SR] 9 Aug 2016 A&A proofs: manuscript no. Sismo_I I from here on) present some of the first science results obtained from BRITE Constellation data. Paper I presents the analysis of the BRITE data of η Cen and µ Cen, and much of the findings here are already seen in BRITE data, though due to the lower precision of BRITE, which has 3 cm aperture compared to the 95 cm of the telescope aboard Kepler and a less radiation-hard design, not necessarily with the same confidence. In any case, it became clear that every space-based photometry mission has a partly unique potential, that could, and should, be combined with results from other photometry missions and ground based observations to unravel the mystery of the Be phenomenon.
The unique potential for Be stars observed with the Kepler spacecraft (Koch et al. 2010 ) is without doubt the time base combined with precision, four full years of near-continuous observations with a cadence of about half an hour. Be stars benefit in particular because they are variable on a wide range of time scales from hours (and sometimes even minutes, but only in the very high energy domain) to decades. In the literature three Be stars have been published that were observed during the original Kepler mission (Balona et al. 2011; Kurtz et al. 2015) .
In the following Sect. 2, these three stars are introduced and the analysis method employed in this work is described, which goes somewhat beyond the methods used in the literature by using not only Lomb-Scargle based Fourier analysis, but as well wavelet analysis. In Sect. 3 the results are presented, which do not contradict, but certainly extend the ones reported in the literature, and the implications and interpretations are discussed in Sect. 4. Finally, the results are put into a generalized picture in Sect. 5, and an outlook for future papers of this series is given.
Targets and analysis methods
Before introducing the targets, some terminology should be made clear. Historically, an "active Be star" was typically understood to be one with emission, but "Be star activity" was often identified with outbursts. This is somewhat inconsistent, and since the understanding of Be stars has reached a level at which this inconsistency becomes an obstacle, it should be resolved. Here and in the following an inactive Be star is one without any detectable disk, while an active Be star has such a disk. This designation is observationally easy to probe, but makes no distinction between stars that currently build a disk and stars in which the disk is decaying, so for the former we introduce the term that it is a disk-feeding Be star. Not withstanding the possibility that a star may build a disk in a continuous manner, that is without outbursts, a star showing repeated and strong outbursts is certainly in a feeding phase, even though in the time span between two successive outbursts the star is not losing mass and the inner disk is technically in a dissipating phase.
ALS10705 (KIC8057661)
ALS10705 was found to show emission lines by Kohoutek & Wehmeyer (1999) . From Kepler data Nielsen et al. (2013) obtain 1.018 d (0.982 c/d) as dominant period, which they attribute to rotation. Two spectra were taken with ESPaDOnS at the CFHT in July 2010, a bit more than a year after the beginning of the Kepler observations. They do not show any line emission. From these spectra, Balona et al. (2011) obtain v sin i " 49˘5 km s´1, while from Strömgren photometry they derive T eff " 21 kK and log g " 4.2. They give a hybrid SPB and β Cep nature for the pulsational properties and remark that ALS10705 should be considered as a currently inactive Be star, seen at low inclination of the rotational axis.
StHα166 (KIC6954726)
StHα166 was first noted to be an emission line star by Stephenson (1986) and confirmed to be a Be star by Downes & Keyes (1988) . The Kepler Input Catalogue lists an effective temperature of about 17 kK and a log g of 4.8. Pigulski et al. (2009) identify the star as aperiodic variable in the ASAS photometric database, while based on Kepler observations McNamara et al. (2012) classify the variations as binary or rotational with a dominant frequency of 1.03 c/d, and Reinhold et al. (2013) derive a rotation period of 44.5 d (0.02 c/d). Balona et al. (2011) note the star has frequency groupings, but do not give a physical interpretation and rather mention g-mode pulsation or rotation as possibilities.
Balona et al. also derive v sin i " 160 km s´1, again based on two ESPaDOnS spectra, but do not derive other parameters. The spectra are somewhat noisy, but the ratio of He i 4471 vs. Mg ii 4481 does not agree with a temperature as cool as 17 kK, and as well the presence of the Si iii 4553/68/73 triplet confirms that the star must rather be of earlier B subtype. Yet, the absence of He ii lines limits the T eff to lower than about 25 kK.
The Hα emission line was symmetrically double-peaked, at a height of 2.8 in units of the nearby continuum, with a weak central depression, and a total equivalent width of about 13 Å in emission, completely filling in the photospheric wings of Hα. Overall, the spectrum is very typical of an early Be star seen at low to intermediate inclination.
A period analysis for the full 4 yr Kepler data of ALS10705 and StHα166 has been described by Balona et al. (2015, their Sect. 11) . As the first part of the analysis here, a similar technique is employed, the Lomb-Scargle analysis, and the results are the same.
HD186567 (KIC11971405)
HD186567 is considered as an example for a Be star by Kurtz et al. (2015) . The original source of this classification is unclear, but since that the star shows several Be-star typical outbursts (see Fig. 1 vs. Haubois et al. 2012 , for a theoretical model how such outbursts produce the observed light curve) there is no strong reason to doubt the classification.
HD186567 is a late type B star for which Huber et al. (2014) give a temperature of about 12 kK and log g of 3.7. Pigulski et al. (2009) again identify the star as aperiodic variable in ASAS data, while McNamara et al. (2012) classify the variations as hybrid SPB and β Cep showing frequency groups in the Kepler data, with a dominant value of about 4 c/d.
Light curve preparation
For these three stars all available Kepler data were retrieved from MAST, taken from May 2009 to May 2013 in 18 "quarters", a term which is used to distinguish observing setups of the satellite. For details see Section 4 of Balona et al. (2011) and the references therein. As date the "Barycentric Kepler Julian Date" is used, defined as BKJD " BJD´2 454 833, where BJD " 2 454 833 corresponds to Jan. 1, 2009. All fluxes were converted to a magnitude scale. As data from different quarters may not join smoothly, they were pre-processed for each quarter individually by subtracting a linear trend before merging the quarters into a single data set.
In addition to instrumental trends, and apart from short-term periodic/cyclic variations, which are in the focus of this work, Be stars may show medium to long-term secular variability due to radiative processes (see Haubois et al., op. cit.) in their circumstellar environment. Their gaseous disks form and dissipate on time scales of sometimes weeks, but more often months and even decades. The resulting variability in the visual domain can surpass the amplitude of the short-term variations by as much as three orders of magnitudes in extreme cases. In the three stars under investigation, this ratio is considerably more benign, less than one order of magnitude. For the most variable star in the sample, StHα166, the peak-to-peak amplitude of the secular variations is 0.1 mag, and for the strongest periodic variation it is 0.016 mag. In terms of data processing it is irrelevant whether such a trend is (partly) stellar or (partly) instrumental; it can be removed in a single step. As a tool for time series analysis the vartools package, published by Hartman et al. (2008) 1 is used. The removal of secular trends was implemented as a Fourierbased high-pass filter.
The precise method was to find frequencies in the range between 10´3 and 0.2 c/d with the generalized Lomb-Scargle (LS) periodogram (Zechmeister & Kürster 2009 , implemented using Press et al. 1992 . These frequencies are removed iteratively by fitting a sinusoid to the actual data (pre-whitening, explicitly without removing harmonics). The iterative removal is conducted at least down to, and mostly beyond the noise level, which is apparent as a frequency continuum in the LS-periodogram. Typically hundreds of frequencies need to be removed before reaching that stage. 1 v1.32, available at http://www.astro.princeton.edu/"jhartman/vartools.html A major factor in the applicability of such a method are the aliasing properties of Kepler data, and in fact other space mission data, too: There are no strong peaks of the window function in the range of typical Be star frequencies, which are about 0.5 c/d to about 10 c/d. For this reason, any removal of power at frequencies below 0.2 c/d, that is applying a frequency high-pass filter, does not affect the power spectrum at frequencies of astrophysical interest. Mathematically speaking, therefore, such filtering is not even required; results of the subsequent period search are the same, whether the high-pass filter is applied or not. However, in order to obtain a better visual representation of the secular vs. the periodic behavior (see Fig. 1 for an example), and to fold the data with the obtained periods, the high-pass filter is applied in any case. Fig. 1 shows the original data after removing mean value and linear trends, together with the curve obtained by the highpass filter (i.e., the sum of all low-frequency terms iteratively found). The variability of StHα166 has strong secular outbursts, while the variations of HD186567 are dominated by short term variations, which remain in this stage, with only few outbursts towards the end of the observing time span. The variations of ALS10705 are not obviously identified as either stellar or circumstellar. Recalling the fact that the star was without emission, and considering the rather low amplitude and long time scale of the secular variability, they are likely instrumental effects, also since the pattern roughly repeats annually. If the other stars suffer from a similar pattern, it is hard to see because their variations are dominated by stellar secular variability. In any case, these long-term trends are subtracted in this step, and therefore of no consequence for the results below.
Light curve analysis
The final analysis is done in two different ways. First, the data are analyzed using the generalized LS periodogram, just as de- the traditional way of analyzing such a light-curve, it yields essentially identical results to the ones described by Balona et al. (2011) and Kurtz et al. (2015) .
As an alternative way of looking at the data a wavelet analysis is used, again in the implementation included in the vartools package by Hartman et al. (2008) , based on Foster (1996, see there also for examples and a critical assessment of the method). In the most simple terms, a wavelet is an oscillating function, here a sinusoid, with a decay term:
where f is the frequency and c a scaling factor of the decay. The decay term is kept constant in units of the frequency, that is the wavelet at any given frequency sees only a fixed number of cycles towards the past and the future; the effective time base of the analysis decreases as frequency increases. As a consequence, the frequency resolution of a wavelet analysis is not a function of the total time base, but one of the frequency sampled: The higher the frequency, the lower the resolution. In this work an unusually slow decay was used. While a standard value is c " 1{8π 2 " 0.0125, here c " 0.0001 was adopted, i.e., coherence over a few hundred instead of just a few oscillations. This was done first since such a rapid change of amplitude and period is not expected, and second to increase the frequency resolution to a level where most of the various groups can be safely disentangled.
For visualization, a 2D representation is used for the result. For any given time step (here: one day) a wavelet periodogram is obtained. All periodograms are then stacked into an image with frequency on the x-axis, time step of the wavelet analysis on the y-axis, and power on the z-axis (the latter coded as intensity in the figures here).
Results

ALS10705
In terms of variability, ALS10705 is the least complicated object in the sample. Since it is an inactive Be star without any spectroscopic sign of a disk, and even the very low amplitude secular photometric variations are likely to be instrumental, one can be quite certain that there is no circumstellar variability or disk feeding complicating the picture, and therefore all variability detected is photospheric, making ALS10705 a valuable case to compare variations in other, more active, Be stars to.
First concentrating on the LS periodogram in Fig. 2 , one would classify ALS10705 as a hybrid pulsator, since both low and high frequencies are present, often taken as indicative of gand p-modes, respectively. We ignore for the moment that such a simple classification is questionable in the case of rapidly rotating objects such as Be stars, where rotation can alter the observed frequencies considerably, and defer this issue to the discussion in Sect. 4.6.
Already in the LS periodogram it can be seen immediately that the variation at about 3.6 and 4.8 c/d cannot be described by a single, stable frequency, but there are a number of peaks, separated in distinct groups. These would normally be interpreted as beating frequencies, that is a number of nearby phase coherent and amplitude stable frequencies that, when co-added to each other, evince the impression of a frequency with variable amplitude, becoming stronger and weaker with a function called the beating envelope. When two individual beating frequencies remain coherent during the sampled time base and are of equal amplitude, the envelope varies strongly between zero and twice the amplitude of an individual frequency. A closer inspection of the frequencies below 2 c/d reveals that the same is the case here, each single peak dissolves to a number of sub-peaks, forming a group of frequencies with a strong beating pattern. Such patterns are seen in Fig. 3 , where the absolute values of the co-added sinusoidal fits to the individual frequencies are shown for several groups, so that the total amplitude and its variations are represented by the upper envelope of each group.
At frequencies lower than 2 c/d increasing noise is seen. When pre-whitening the LS-periodogram, one finds that even after more than 100 iterations significant power still remains in the power spectrum, with clear peaks belonging to one of the above described groups. The identified groups are listed in Table 1 .
In the time average of the wavelet transform, these individual groups are not resolved. The decrease of frequency resolution with increasing frequency is obvious, and the residual of the periodic power that has been removed by the high-pass filtering is clearly apparent at frequencies below 0.2 c/d. Except for being of lower quality, however, this plot does not really offer new insight beyond the LS periodogram. Rather than the myriad of peaks seen in the LS periodogram, one can identify individual peaks in the averaged wavelet transform. These correspond to the groups mentioned above (see Fig. 2 ).
In the full 2D representation of the wavelet analysis, other, and partly different aspects are more easily apparent to the eye. Among other things, the effect of data outliers is easily seen as a sudden, short lived surge of power at all frequencies, akin to the Fourier transform of a δ-function, which displays constant power at all frequencies (see e.g., Fig. 2 , lower panel at t " 725). Another difference is scientifically far more interesting. Instead of resolving a frequency group into a high number of single frequencies, that reproduce the over-all behavior of the group by their beating, the wavelet transform sees only a single frequency with variable power. Or, in other words, at the expense of frequency resolution it visualizes the phase and strength of the envelope function of the -supposed -beating, something completely lost in the traditional visualization of a 1D periodogram. This opens the view for new and alternative interpretations.
Addressing the envelope of the amplitude for each frequency group g i as A i , Fig. 3 helps to visualize A 1 , A 8 , A 4 , and A 7 from top to bottom. The following observations can be made about these envelopes:
-A 1 " A 8 and A 4 " A´1 7 .
-A 1 has minima when either A 4 or A 7 have a minimum. A 1 minima coinciding with A 4 minima are deeper than those coinciding with A 7 minima. -In Fig. 2 it can as well be seen that A 7 " A 10 " A 13 . Curiously, also the frequency difference g 7´g13 equals that of g 10´g7 . A relation between A 4 " A 9 is there as well, though it is probably more obvious to the eye when described as A 9 " A´1 7 .
-There is no obvious pattern relation for A 2 , A 3 , A 5 , or A 6 , however the amplitudes are variable. -For A 11 , A 12 and A 14 no pattern can be identified, as they are barely above the noise.
Summarizing the results for ALS10705, one can describe the photometric variability in two different frameworks: In the Lomb-Scargle Fourier framework, the star has fourteen frequency groups, each with a dozen and more frequencies above the noise, that produce a complicated beating pattern. Alternatively, in the wavelet framework, the star has fourteen single frequencies, that have strongly time variable amplitudes, and in which the amplitude variations are correlated between some of the frequencies.
StHα166
This object is, in a sense, the opposite of ALS10705: it is an active Be star with perpetual outbursts, that is ongoing disk feeding. This does not mean the outbursts are equally strong at all times, however. In Fig. 1 it is seen that the outbursts never fully cease, but from t " 700 to 900, and again after t " 1500 they are less strong and less frequent than at other times. Even after removing the long-term variations, mostly due to the feeding outbursts, a greater peak-to-peak variability of the residuals remains at times when outburst have been stronger. In the middle panel of Fig. 4 the average wavelet power over the more (less) feeding phases is plotted as a solid (dashed) line.
In order of increasing frequency value, the groups are designated as g 1 at 0.94 c/d, g 2 at 1.03 c/d, g 3 at 1.82 c/d, and g 4 at 1.93 c/d (see Fig. 4 ). Further there are four very broad bumps of power, which are centered at roughly 0.9, 1.7, 2.6, and 3.4 c/d (h 1 to h 4 , respectively).
Of the more sharply defined frequency groups, g 1 is only apparent in the more variable phase and appears to be what is called the Štefl frequency of this star (see Sect.4.2). In the LS analysis it shows as a rather broad distribution of numerous single frequencies (see Fig. 5 ). In contrast, g 2 is persistently present and much sharper defined in the LS periodogram. The frequency of g 1 is about 10% lower than that of g 2 . We note here that this combination is very distinctive for Be stars in outburst, but will address it further only in the discussion in Sect. 4.2.
In order to see whether there is at least some preferred, persistent frequency in this group g 1 , the data was divided in three substrings that were analyzed individually. The individual LS power spectra are shown in the left panel of Fig. 5 . The frequencies present in the individual sub-strings are entirely different from each other, that is there is no long-term coherency or frequency stability in this group. The power spectrum shown in the middle is computed from data taken mostly in the time of lower disk feeding (539.5 ă t ă 1098.3), and shows much less total power than the two other ones. g 3 and g 4 are situated in the wing of the strongest broad bump. Due to their weakness they are actually dominated by the bump. Close inspection of the 2D periodogram, and the middle panel of Fig. 4 , suggests at least two general statements, namely first that g 3 and g 4 are correlated, and second that they seem to be stronger in the less variable phases i.e., anti-correlated with the strength of g 2 . A fifth group was not caught by the LS-analysis, because its total amplitude was less than that of the bumps, but is apparent to the eye at about 2.1 c/d. This group is stronger in the more variable phases.
The most obvious features in the power spectrum are not the discrete frequencies or groups, however. Rather, it is dominated Like Fig. 2 , but for StHα166. In the middle panel, instead of the overall wavelet power spectrum, the average power spectrum during more variable phases (t ă 700 and 900 ă t ă 1500) is shown in as a solid line, during less variable (700 ă t ă 900 and t ą 1500) as a dashed one. The label Š denotes the circumstellar Štefl frequencies (see Sect. 4.2).
by broad bumps of power. The two strongest of these bumps were already identified by Balona et al. (2011) as the dominant feature of the spectrum. Balona et al. mention a third peak at 0.1 c/d, but in the interpretation here that peak is due to the low frequencies representing the long-term outburst and their harmonics that were removed in the pre-processing steps (see Fig. 1 ). It has nothing to do with the bumps at higher frequencies.
In addition to the bumps h 1 at 0.9 c/d and h 2 already mentioned by Balona et al. (2011) , both the LS and the wavelet analysis show two further bumps at higher frequencies h 3 and h 4 , more prominent when the disk feeding activity is high. As the wavelet analysis makes clear, these are not groups of real frequencies. Even in the LS analysis, pre-whitening for more than one hundred frequencies within these bumps does not alter their appearance or power in any significant way. This clearly indicates aperiodic, at best short-term cyclic variations on a scale of about 0.9 c/d. The higher bumps h 2 to h 4 are at positions that make them likely to be a sign of the non-sinusodiality of this aperiodic variability. In particular, h 1 « h 2 {2 « h 3 {3 « h 4 {4. If h 1 was due to true frequencies, h 2 to h 4 would be their harmonics. However, as they are not coherent frequencies, instead of being real harmonics, one may consider the bumps at higher frequencies as "group" or "statistical" harmonics (see also Paper I). Another distinctive feature of h 1 and h 2 is that they become broader towards lower frequencies at the time of outbursts.
HD186567
In terms of both Be star activity and disk feeding, this star is an intermediate example between ALS10705 and StHα166. There are no detectable outbursts in the first two years of the observations, but the star shows increasing outburst variability after t " 1000. Due to the lack of spectroscopic data one cannot tell whether the star was completely without emission before t " 1000, or rather in a disk dissipation phase, in which the circumstellar disk is still present, but no longer being fed by outbursts.
The power spectrum in both LS and wavelet analysis of HD186567 (see Fig. 6 ) shows four clear frequency groups, and a number of isolated peaks. Again several correlations between the amplitude envelopes of each group exist.
The strongest features are the groups at g 2 " 1.8 c/d, g 3 " 2.2 c/d, g 4 " 3.7 c/d, and g 5 " 4 c/d, plus the peak at g 1 " 0.28 c/d, numbered in the order of increasing frequency. In fact, also g 1 is resolved by the LS analysis into four closely spaced frequencies, which is, however, negligible compared to the dozens of frequencies found in the other groups. The frequency value of g 1 is about the difference between g 4 and g 5 . Although g 4 « 2ˆg 2 , it is different from the above mentioned statistical harmonics in the sense that here the behavior of A 4 is not correlated with A 2 .
What is immediately seen is that the amplitude envelopes A 4 and A 5 are anti-correlated on the longest time scale observed, that is years. While A 4 gains in power from 2009 to 2013, A 5 decreases towards the end. Not obvious from Fig. 6 , but well seen in Fig. 7 is that A 1 follows the same trend as A 5 , slowly decreasing in power. A 2 vs. A 3 shows a similar long-term behavior, but much less pronounced: While A 2 increases somewhat, A 3 decreases a little (see as well Fig. 7 rather than Fig. 6 ).
On short times scales, there are as well correlations between the amplitude envelope curves. A 2 and A 3 are quite well positively correlated; certainly not perfect but clearly beyond what one would expect from random variations. A 4 and A 5 , however, are anti-correlated, that is A 4 being strong means A 5 is weak and vice versa. These correlations are seen because each group has a short term variability in itself, in principle like the ones seen in ALS10705, but much faster (see Fig. 3 for comparison) .
In the overall power spectra, it is also seen that there are two very broad bumps, at about h 1 " 2 c/d and at about h 2 " 4 c/d. A third one, h 3 might be identified at about 5.5 to 6 c/d, stronger when there is disk feeding. g 2 and g 3 seem to be symmetrical around the center of h 1 , and g 5 centered on h 2 . The behavior of the bumps is very similar to the ones in StHα166. Before t " 1000, when no signature of disk feeding is seen, they are weaker, and also a bit shifted towards higher frequencies, while when the disk is being fed after t " 1000 they are stronger and slightly shifted towards lower frequencies.
In detail, the variability properties of g 2 look somewhat different from all that was described so far. Although A 2 is correlated with A 3 , even in the wavelet analysis it is not possible to identify a single, stable frequency that would just have variable amplitude. Kurtz et al. (2015) state that the period values in a periodogram computed over observing quarters 0 to 9 are the same as the ones over quarters 10 to 17. We have repeated this exercise with quarters 0 to 5, 6 to 11, and 12 to 17, that is with a somewhat finer sampling, less susceptible to averaging. The same approach was already applied to StHα166 (see Fig. 5 ). The periods are indeed quite stable, although their formal differences exceed 3σ somewhat. The strongest of those frequencies, at 1.822 c/d, has an average semi-amplitude of about 1 mmag. Inspecting Fig. 6 in the region of g 2 more closely, one finds the power distributed over a frequency range that is broader than the resolution of the wavelet analysis at this frequency, but still much narrower than the broad bumps. The adjacent pattern of g 3 serves as a comparison how a single frequency with variable amplitude (or two stable beating frequencies) would look like.
Discussion
Amplitude correlations
The commonly adopted interpretation of the LS periodogram of a B type star is that of a large number of independent frequencies, which, if coming in groups, produce beating pattern with very low frequencies that show as slowly varying amplitude envelopes. This work offers nothing to actually disprove this interpretation. However, the observed correlations between the amplitude envelopes of supposedly independent frequency groups are not easily explained in such an interpretation; other explanations, in which such correlations arise more naturally, should be explored. Most typical is a negative correlation between two strong frequency groups (ALS10705: A 7 {A 4 , HD186567: A 4 {A 5 , possibly StHα166: A 3 {A 4 ), and a strong frequency group might be accompanied by a number of weaker ones with positive correlation (ALS10705: A 7`A10`A13 , A 4`A9 , A 1`A8 ). However, more complicated relations are observed as well (ALS10705: A 1 vs. A 7 {A 4 ). Such relations prompt the question whether there are internal processes in the star that redistribute energy between pulsation modes on short time scales back and forth. Resonant Like Fig. 4 , but for HD186567. All data before t " 1000 are averaged into the less variable wavelet power spectrum (dashed), data after into the more variable one (solid). The label Š denotes the possible circumstellar Štefl frequency (see Sect. 4.2), seen better in the average power spectra rather than in the 2D representation. mode coupling has been described much earlier, e.g., by Dziembowski (1982) , but so far the idea was applied mostly to δ Sct and RR Lyr stars, rarely to B stars.
The Štefl frequencies of StHα166
In Sect. 3.2 g 1 at 0.94 c/d of StHα166 is described as transient and unstable in frequency and phase. This and the presence of a more stable variation g 2 at a slightly higher frequency of 1.03 c/d hallmarks it as a phenomenon often found to be associated with disk feeding, and g 2 as the main stellar pulsational frequency that would be detectable by spectroscopy. Such frequencies have first been described by Štefl et al. (1998) . Then they were named "transient frequencies" in reference to their non-persistent nature. For a detailed description of Štefl frequencies see Sect. 2 of Paper I. From Fig. 5 it is clear that there is no single such frequency; rather these are fairly short-lived individual episodes of cyclic variability, which occur within a narrow frequency region of about˘5%. Paper I, based not only on the two stars studied there, but as well re-assessing the literature, has made a strong case that this variability is directly related to the feeding of fresh stellar material into the base of the disk. Certainly the disk feeding pattern, strong in quarters 0-5 and 12-17, but weak in 6-11, agrees with this. Some part of the variability identified above as groups g 3 and g 4 could actually have some harmonic relation to g 1 . As will be shown in forthcoming papers of this series, it often is the case in Be stars that the first harmonic of a circumstellar Štefl frequency is stronger than the base frequency outside of outbursts. The alternative would be that g 3 and g 4 are g-modes in their own right. In the same test as shown in Fig. 5 g 4 , just at different frequency values, is found to be stable in frequency, while g 3 is not. This means that while g 3 might indeed be a harmonic of g 1 , g 4 is more likely a real g-mode pulsation.
One could argue from Fig. 6 that also in the power spectrum of HD186567 a Štefl frequency might be present after the star began to feed the disk at about t « 1000, at a frequency value of about 1.55 c/d. However, given the weak variability and the weak signature in the power spectrum, that cannot be said with certainty. We note that there is nothing like a Štefl frequency seen in the quiescent Be star ALS 10705.
Broad bumps in the power spectra
The broad bumps found in the power spectra of StHα166 and HD186567 are well known from other Be stars. They are typically interpreted in terms of a dense population of low-order gmodes (Walker et al. 2005; Dziembowski et al. 2007; Cameron et al. 2008) , though Balona (2009) has suggested a rotational or circumstellar interpretation. Here it is argued that they are indeed circumstellar, though not necessarily connected to rotation, just due to aperiodic variability residing in the circumstellar environment, that is the gaseous disk (see Paper I). The bump at very low frequencies of up to about 0.1 c/d is due to the photometric variability of the long-term outbursts of Be stars. The bump at the next higher frequency is suggested to be due to aperiodic variations on about the time scale of that frequency, while bumps at still higher frequency are (pseudo-)harmonics belonging to these aperiodic variations.
Variations on a scale of around 1 to 2 c/d are ubiquitous in Be stars. It can be g-mode pulsation, stellar rotation, or the orbital period in the inner parts of the disk. However, neither a well defined frequency nor coherence is found, and the position and strength of the bumps correlate with the strength of the disk feeding. The latter is seen in the respective middle panels of Figs. 4 and 6, where power spectra are shown, averaged for more and less strong feeding phases. The presence of a broad bump at all times in the wavelet analysis for StHα166 suggests that there are a large number of such variations present at any given time there is a disk, while the diskless ALS10705 is free of such bumps. All these observations speak for a purely circumstellar origin, rather than a stellar, photospheric one.
Unfortunately, the Be activity status of HD186567 during the Kepler observations is not fully known. Clear outburst were observed only after t « 1000, but also before the star may well have had a circumstellar disk, either dissipating or sustained by minor outbursts only. This would have been a disk in its dissipation phase, formed during earlier outburst variability. Extended dissipation phases with no or very little outburst variability are common in Be stars (Štefl et al. 2003a; Draper et al. 2014) . In any case, in HD186567 there was a growing number of outbursts after t " 1000, and the strength of the bumps h 1 and h 2 increased, while the previously barely detectable h 3 became much clearer as outburst variability began.
Outbursts and pulsation of StHα166
A detailed analysis of StHα166 concerning the relation between the outbursts and the pulsational behavior is out of the scope of this work. However, already in the analysis here a relation akin to µ Cen (see Rivinius et al. 1998 ) between the combined amplitude of g 2 and the outbursts is seen (see Fig. 8 ), i.e., amplitude maxima of g 2 co-incide with outbursts. In the first 120 iterations of the LS analysis a total of nine frequencies were found that belong to g 2 ( Table 2) . Independent of the interpretation as real frequencies or just a mathematical representation of the overall evolution of a single, true frequency, the co-added variations of those nine frequencies describe the behavior of A 2 , just as the coadded low frequencies describe the secular behavior. The amplitude reconstruction is compared to the long-term outburst evolution in Fig. 8 . Both the long-term evolution of the reconstructed amplitude, maxima at t « 350 and t « 1150, as well as the shortterm structure with intermediate maxima every « 50 days, and further sub-maxima even more often, agree well with the temporal evolution of the outbursts of StHα166. The nine periods of g 2 (Table 2) can be grouped again in three sub-groups seperated by about 0.02 c/d, which is also the frequency value where the by far highest power is found in the LS-analysis of the long-term tends (« 0.02 c/d, or 50 days as mentioned above). This may be the same type of behavior as seen in η Cen (see Paper I), where the frequency difference of two close stellar frequencies is seen with high amplitude not as a beating phenomenon, but as a frequency in its own right with much higher amplitude than the two original frequencies.
4.5. The g 1 and g 2 groups of HD186567
The frequency value of g 1 " 0.28 c/d of this not very variable Be star of late B subtype is about the difference of two much higher frequencies, g 4 and g 5 . A rotation period of about 3.5 d would be unbelievably long for a Be star, which are thought to be rotating close to the critical limit. If g 1 is not a true pulsation mode, in which case it would have to be a retrograde gmode, see Sect. 4.6, it is a combination frequency of g 4 and g 5 . Such frequencies have been found in Be stars (e.g., in η Cen, PaperI, or in ω CMa, Sect. 4.1 of Štefl et al. 2003a ), but hitherto known examples are typically much longer, tens of days. Also, in those stars the difference frequencies seem linked to disk feeding, for which no sign was found in HD186567, except during a few short episodes in the second half of the observational time base.
The frequency group g 2 shows a rather puzzling appearance in the wavelet analysis. Dividing the data into three sub-sets and analyzing them individually by LS reveals an ensemble of frequencies that is possibly not entirely identical to each other in frequency and certainly quite variable in amplitude, but far more stable than one would expect from a mere time scale, as are the Štefl frequencies of StHα166 (both shown in Fig. 5 ). Also that g 2 in HD186567 has a rather sharp border in frequency space (see Fig. 6) is not really what one would expect from aperiodic variablity of a given time scale.
One possibility is certainly that the sub-frequencies of g 2 as apparent in Fig. 5 are real, and the pattern seen in the wavelet analysis is the result of a beat pattern in which the variable amplitudes of the individual sub-frequencies destroy the coherent appearance.
To investigate this possibility a total of 40 B stars from the CoRoT database, flagged as β Cep or SPB stars by either Degroote et al. (2009 ) or Sarro et al. (2013 , were analyzed in the same way (the full results will be presented in a future work of this series on the Be stars found in the CoRoT database). Two β Cep stars, CoRoT ID101024938 and CoRoT ID106113525 showed unresolved strips of multi-mode pulsational power like HD186567. However, their appearance is far more regular, that is power minima and maxima follow a clearly ordered and periodic pattern both in temporal sequence and in frequency position.
Therefore, since the frequencies were found to be stable in Fig. 5 , the distinct appearance in Fig. 6 must be due to unstable amplitudes. Looking for possible explanations, the wavelet analysis may also be compared to what Belkacem et al. (2009) have suggested to be the signature of stochastic oscillations for the β Cepheid V1449 Aql (see their Fig. 2 ). Stochastically excited oscillations are theoretically predicted to occur across the B star spectral range (see, e.g., Shiode et al. 2013; Mathis et al. 2014; Lee et al. 2014) . Judging from Fig. 6 of Shiode et al., however, the observed amplitude of 1 mmag seems to be about 1 order of magnitude higher than what is expected. Given the fast rotation of a Be star, the observed frequency being twice as high as the highest one in the co-rotating frame of the star is less of a concern, as will be seen below. For the case of V1449 Aql this explanation is not unequivocally accepted; Aerts et al. (2011) have suggested non-linear resonance arising from the interaction of a large number of other modes, while Degroote (2013) proposes that the dominant radial mode of V1449 Aql produces this signature through chaotic behavior. In any case, the similarity of the signature in the wavelet analysis remains striking, and the positive amplitude correlation between A 2 and A 3 could well be a clue towards the model of Aerts et al.
Rotation and frequencies in Be stars
For non-radial pulsations in a rotating star, the observed period is not the one in the co-rotating frame of the star. While in most stars the rotation rates are low enough for the difference to be of only minor importance, this is not so for Be stars. In general, the observed and co-rotating frequencies f obs and f corot are related to each other via
where Ω is the rotation frequency of the star and m is the azimuthal number of the non-radial pulsation. By convention negative m denote a pulsation that is propagating prograde in the co-rotating frame of the star. Obviously, a prograde mode cannot be observed at frequencies lower than Ω. For retrograde modes the relation between observed and co-rotating frequency can be less obvious. A mathematically negative f obs means the variation appears prograde to the observer, but | f obs | ą Ω is well possible. For rapid rotators, as Be stars are, all the above means that the simple classification as p-or g-mode pulsator, based solely on the value of f obs being lower or higher than some division line (often 4 c/d is chosen as delimiter), becomes invalid. For example, a perfectly ordinary g-mode, say f corot "1 c/d, with " 2, m "´2, on a perfectly ordinary Be star, say rotating at 1.5 c/d, would be observed at 4 c/d, and hence be classified as a p-mode. For this reason, stars like ALS10705 or HD186567 might not actually be hybrid pulsators, as they were classified, but pure g-mode pulsators.
Rotation also poses a certain challenge to the suggestion by Kurtz et al. (2015) that combination frequencies are responsi- ble for non-linear appearance of some light-curves. Combination frequencies are observed frequencies that relate to other observed frequencies via
However, in order to interact in such a way as to produce nonlinear effects, as suggested by Kurtz et al., the interaction must be physical in the object, as otherwise the variations would just superimpose linearly, and not produce detectable power in the periodogram at the combination frequency. In other words, the simple combination with integer numbers n must exist also in the co-rotating frame of the star. This only works if the sum of all terms n i m i (m again the azimuthal number), becomes zero, which severely limits the potential of combination frequencies to explain frequency groups, at least for rapid rotators. Indeed, while for the slowly rotating γ Dor star KIC8113425 Kurtz et al. only need four genuine frequencies to explain 39 further frequencies as combinations, the ratio is the opposite for the Be star HD186567: For 15 frequencies they regard as genuine (all of which are from the g 2 group, which is discussed in some detail above), they only find four combination frequencies present in the periodogram.
Conclusions
Among the stars observed by the Kepler spacecraft, three have been identified as Be stars in the literature. By good fortune, these three provide good examples covering the full range of Be star behavior: ALS10705 is inactive without disk; HD186567 exhibits increasing disk feeding by outbursts, possibly with a decaying previous disk; and StHα166 is a fully active Be star showing strong, ongoing outbursts. The commonalities and differences found are suggested to be a general scheme for the photometric behavior of Be stars as follows: The stellar power spectrum of a Be star in an inactive phase.
Comparing the results for the Be star ALS10705, observed in quiescence, to the literature, nothing is found in the LS analysis that is different in principle from the appearance of non-emission B stars. That Be stars have a tendency to be classified as hybrid pulsators, even when well outside the β Cep instability strip, is possibly a consequence of their rapid rotation, rather than due to the true presence of high-order p-modes. In the co-rotating frame of the star all photospheric periods can well reside in the low frequency g-mode regime, depending on their mode properties and in particular m.
There are correlations between the amplitude variability of individual modes (or mode groups, if understood as a beating phenomenon) which need an explanation. In case of single modes that might be resonant mode-coupling in the stellar interior, in the case of mode groups a mechanism would have to be found; none has to our knowledge been proposed. Similar correlations for SPB and β Cep stars are not known, but that could rather be due to the usage of LS dominating the literature instead of wavelet analysis for such stars.
Any LS analysis over the entire time span of observations should, therefore, only be the first step in analyzing Be star variability; it must be followed by time-resolved ways to analyze the variation, such as wavelet, or LS with a running box-filter in the time domain. In this work the wavelet approach was adopted for its robustness (see discussion in Foster 1996) and the frequency resolution being a function of frequency of the form of R " ∆ f { f " const., which is well suited for the problem of tracking the behavior of frequency groups over a wide range of frequencies.
A variable amplitude is also seen in the g 2 group of HD186567, without being resolved into beatings even in the full Kepler run. From an observational point of view, amplitude variability on timescales longer than the time base of typical observing runs is the norm in Be stars, not the exception, regardless of whether one interpretes this variability as intrinsic or as due to unresolved beating.
The circumstellar power spectrum of a Be star in an active phase, but without outbursts.
For the first about 1000 days of the Kepler observations, HD186567 did not show any sign of out bursts, which began around t " 1000 and continued until the end of the observation. However, already before the outbursts started, its power spectrum differed from that of the fully inactive ALS10705 by the additional presence of broad bumps in the power spectrum. Above, these were associated with the presence of a disk in the circumstellar environment, and as HD186567 turned to disk feeding by outbursts they increased in strength and moved towards longer frequencies. The same behavior of the bumps can be seen in StHα166 comparing the times of strong and weak disk feeding.
In summary, it seems that the bumps are associated with the plain presence of a disk, and are stronger when the disk is actively fed. In terms of the viscous decretion disk model, in which the evolution of the disk after its formation is fully governed by viscous processes (see Rivinius et al. 2013 , for a review), this would mean that the bump strength and position depends on the density and possibly density slope of the innermost parts of the disk.
The circumstellar power spectrum of a Be star in an active phase with outbursts.
When a Be star is having clear outbursts, it shows the broad bumps as discussed above, but stronger, in addition to the purely stellar variations. Whether the bumps are associated to the outbursts themselves, that is the ejection of matter, or the subsequent re-accretion of (part of) the ejected matter cannot be said with the data at hand, both remains possible. It should be noted that such re-accretion is an unavoidable feature of the viscous processes governing the disk.
Whether some part of the purely stellar variations are attenuated, as seems to be the case in some stars observed by CoRoT (e.g., Huat et al. 2009 ), can also not be said with the Kepler data alone. In any case the frequency spectrum, in terms of well defined groups, seems poorly populated compared to ALS10705 and HD186567. The literature shows that the possibility of attenuation in strong outburst phases exists, see also Štefl et al. (2003b) for spectroscopically equivalent behavior of ω CMa, and the absence of the spectroscopically found frequencies of µ Cen in BRITE data (see Paper I).
In addition to the above, the power spectrum increases at a characteristic frequency range, typically in the range 1-2 c/d at a value some 10% lower than that of a strong stellar pulsation mode. This latter, stellar pulsation, could be spectroscopically identified as " m " 2 g-modes in most stars (Rivinius et al. 2003) .
For the transient frequencies in outbursts the term Štefl frequencies is used, following Paper I. Štefl frequencies are immediately related to outbursts, that is the transfer of matter (and angular momentum) from the star into the circumstellar disk. Any individual event is short lived, and subsequent events do not repeat at the same frequency or with any phase coherency.
However, as a phenomenon they are well defined and have been identified in a number of stars (see discussion in Paper I).
In further works of this series, the above findings will be tested against the databases collected by the MOST (Walker et al. 2003) , CoRoT (Auvergne et al. 2009 ), and BRITE Constellation satellites (Weiss et al. 2014) , and possibly the Kepler K2 mission. Data available from MOST, CoRoT, and K2 databases are of similar precision as the Kepler data used here, but provide shorter time bases for analysis. However, the Be stars in these databases are much more numerous, offering the opportunity to get a statistical hold on the above described phenomena. BRITE data, in turn, are less precise, and the typical campaign lengths are similar to MOST, CoRoT, or K2. However, BRITE focuses on stars with V ă 5 mag, meaning it observes targets for which potentially a lot of archival data exist and often considerably detailed analysis works have been published. BRITE has the potential to link the variability types found in the Kepler data to other observables from a wide range of techniques, and will allow to make the connection to the actual physical processes much more robust than is possible with Kepler, MOST, K2, or CoRoT data alone. Paper I of this series, presenting the analysis of the BRITE observations of µ Cen and η Cen, serves as an example for the power of such an approach.
